Introduction
these is an increase in electrical heterogeneity, which may be the substrate for arrhythmias based on re-entry. For In a clinical setting, the Framingham study has demonexample, hypertrophy induced action potential prolongastrated that left ventricular hypertrophy (LVH) increases tion is more pronounced in epicardial compared to endothe risk of sudden death [1] . LVH has also been shown to cardial myocytes which could alter the normal pattern of be associated with an increased incidence of ambulatory ventricular repolarisation [6] [7] [8] . Although these differenventricular arrhythmias [2, 3] . The electrophysiological tial regional effects of LVH have been described in isolated bases for the pro-arrhythmic effects of LVH are not fully cells, it has not been established whether they exist in the understood. Various intrinsic electrophysiological abnorwhole working heart (exposed to mechanical influences malities have been identified in hypertrophied hearts and and electrotonic interactions) and are related to arimplicated in the pathogenesis of arrhythmias [4, 5] . One of rhythmogenesis.
Although both LVH and ischaemia can be pro-arrhythmic in their own right and are often observed to coexist clinically, it can be argued that their coexistence 2.2. Whole heart preparation could create a particularly arrhythmogenic milieu [9] . One possible electrophysiological mechanism is accentuation of
The isolated working rabbit heart preparation used in the action potential shortening during ischaemia by LVH present study has been previously described [14, 15] . The [10, 11] . This could lead to an increase in electrical rabbits received heparin (2000 IU) and were euthanised 21 dispersion which is required for the establishment of rewith sodium pentobarbitone (100 mg kg ). The hearts entry circuits. However, in these previous reports, disperwere excised and perfused with oxygenated-modified greater degree of ischaemia-induced action potential short-H PO 0.4, glucose 11.0) in a working heart mode 2 4 ening observed in hypertrophied hearts [12] . (preload: 10 cm H O; afterload: 75 cm H O). In all the 2 2 Consequently, the aims of this study were two-fold. experiments, the right atrium was paced at a cycle length Firstly, to investigate the effects of LVH on regional (i.e.
of 300 ms and epicardial temperature was maintained at epicardial and endocardial) electrophysiological charac-358C. In order for a preparation to be included in the study,
21
teristics in the isolated working rabbit heart. Secondly, to a minimum baseline aortic forward flow of 80 ml min , measure directly the magnitude of ischaemia-induced measured using an in-line flow meter, was required. electrical dispersion in hypertrophied hearts and its relation to arrhythmogenesis. To this end, the model of perine-2.3. Electrophysiological and other measurements phritis-induced LVH in the rabbit was used, which has been previously well characterized with respect to the Epicardial monophasic action potentials (MAPs) were hypertrophy produced [8, 12, 13] .
recorded using custom-made suction electrodes. In the first series of experiments, one electrode was located in the apical part of the area of the left ventricle that subsequent-2. Methods ly was made ischaemic by coronary occlusion (apical epicardium), and the other electrodes were placed in a 2.1. Induction of myocardial hypertrophy non-ischaemic area above the area at risk (basal epicardium) and in the lower half of the right ventricle. In the The study conforms with the provisions of the United second series of experiments, suction electrodes were Kingdom, Animals (Scientific procedures) Act 1986. located in the apical and basal epicardium, and a contact Male New Zealand white rabbits (weight: 2-3.5 kg) electrode catheter (EP Technologies, UK) was placed in
were pre-medicated with fentanyl citrate (0.095 mg kg ) the apical part of the left ventricular endocardium (opposite 21 and fluanisone (3 mg kg ) (Hypnorm, Janssen) administhe respective epicardial suction electrode) in the area that tered intramuscularly, followed by inhalation anaesthesia was subsequently made ischaemic (apical endocardium). with halothane, nitrous oxide and oxygen through a
We confirmed in a series of preliminary experiments that facemask. The left kidney was exposed via a flank incision MAPs recorded from the epicardial surface with a suction and tightly wrapped in an envelope of cellophane which electrode were comparable with those recorded with a was held in place with a silk suture. The envelope was contact electrode in respect of MAP duration. Whenever a secured in such a way as to ensure the entire surface of the MAP signal of amplitude less than 10 mV before iskidney was in contact with the cellophane but that blood chaemia and less than 5 mV during ischaemia, the presence and urine flow was not obstructed. The right kidney was of an unstable baseline or electrical noise the electrode was exposed via a separate right flank incision and removed. In repositioned at the same site to improve the quality of the sham-operated animals the left kidney was mobilized and signal. MAPs recorded with suction electrodes have been manipulated (but not wrapped) and the right kidney was shown to be an accurate indicator of the action potential removed. Post-operative analgesia was provided by 150 duration recorded with intracellular microelectrodes in mg buprenorphine (Temgesic, Reckitt and Coleman) adrabbit hearts [16] . ministered intramuscularly every 8-12 h over two days.
Effective refractory periods (ERPs) were recorded from Conscious mean arterial pressure was recorded before all epicardial sites and from the endocardium using bipolar and at 2-weekly intervals after the 4th week postoperativestimulating electrodes and the contact electrode catheter, ly using an 18-gauge cannula (Vygon UK) inserted into the respectively. ERPs were determined during local ventricucentral ear artery and attached to a pressure transducer lar pacing by the extra-stimulus technique as previously (model: P23XL, Gould, USA). Only those animals in the described [14, 15] . wrap group which had a mean arterial blood pressure in An in-line flow meter (model T106, Transonic Systems, excess of 100 mmHg for at least 2 weeks were used. In Ithaca NY, USA) was used for continuous recording of this study, wrap-operated animals fulfilled these criteria 8 mean aortic forward flow. to 14 weeks post-operatively and sham-operated animals At the end of the reperfusion period the coronary artery were used as time-matched controls.
was occluded again, at the same site as previously, and
Evans blue dye was injected into the perfusate to distion, transepicardial dispersion of repolarisation was calcutinguish the area at risk (calculated as a percentage of the lated as: (MAPD 1conduction delay in the basal 90 left ventricular mass). The area at risk was similar in the epicardium)2(MAPD 1conduction delay in the apical 90 sham and in the wrap groups, the respective values being epicardium). ERP dispersion and dispersion of refractori-2661 and 2561%. Wet heart weights as well as dry right ness (which takes into account changes in conduction and left ventricular weights were measured in order to delay) were calculated in a manner similar to that for assess the degree of hypertrophy.
MAPD dispersion and dispersion of repolarisation, re-90 spectively. Transmural dispersions were calculated as differences in the appropriate parameters between the 2.4. Experimental protocol apical epicardium and the apical endocardium. Statistical analysis was carried out with SIGMASTAT The hearts were perfused in a working heart mode for statistical software (Jandel Scientific Software). Student's 60 min during which time all electrodes and other measurt-test and analysis of variance (ANOVA) were used to ing devices were inserted. At the end of this period the compare the electrophysiological data within and between perfusing solution was renewed and an equilibration period the groups and the exact probability test was utilised to of 15-20 min was allowed, after which electrophysiologicompare any observed differences in arrhythmogenesis. P cal recordings were started. MAPs and conduction delays values of less than 0.05 were considered statistically were recorded simultaneously at all sites. ERPs and significant. All data are expressed as mean6S.E.M. diastolic stimulation thresholds were measured in turn first in the right ventricle, followed immediately by ERP in the basal and apical epicardium (first series) or in the basal and apical epicardium followed by ERP in the endocardium 3. Results (second series). Measurements were made twice with a 30-min interval between them. After completing the sec-3.1. Experimental animals ond set of measurements, the solution was renewed for a second time. Once a new equilibrium had been established, The wrap and sham groups of animals did not differ all electrophysiological measurements were repeated at with respect to whole animal body weight at baseline another two time-points, 30 min apart. Typically, diastolic (2713698 vs. 2650677 g in the wrap and in the sham stimulation thresholds were 1 V, were not different begroup, respectively, ns) or at the time when isolated heart tween the groups and were unaffected by ischaemia.
experiments were performed (3246665 vs. 3218699 g, Subsequently, a period of 30 min of ischaemia and 15 respectively, ns). In the wrap group, the mean arterial min of reperfusion was induced. During this period, local pressure increased post-operatively from 6462 to 11362 MAPs were measured continuously in all three areas and mmHg, (P,0.05), but it did not change markedly in the ERPs were measured 15 min into ischaemia and 15 min sham group (6461 and 6962 mmHg before and after the into reperfusion, in the same order as previously. When procedure, respectively, ns). Left ventricular hypertrophy any sustained arrhythmia appeared spontaneously or was was observed in the wrap group, with no change in the induced by the stimulation protocol, defibrillation was used right ventricle (Table 1 ). after 30 s to restore normal rhythm. in the apical endocardium than the epicardium and ERP was significantly longer in the basal epicardium than the apical endocardium. In addition, conduction delay was significantly less in the endocardium than the epicardium. LVH produced a statistically significant prolongation in both MAPD and ERP in the epicardium, without any 90 effect in the endocardium (Table 2 ). No differences in conduction delay ( 
Study groups

05). delay
Regional ischaemia resulted in a marked increase in As shown in Fig. 1 (Fig. 2 ) and repolarisation (data not shown), the ischaemia- significantly less than in the epicardium (Fig. 3, top panel) . This differential sensitivity of the apical epicardium and delay-endocardium (apex) (ms) 8862 8 7 63 the endocardium to ischaemia was not affected by hyb Indicates statistically significant differences from the sham values pertrophy (Fig. 3, bottom panel) . In contrast to the non-hypertrophied hearts subjected to regional ischaemia and reperfusion. '[' and '*' indicate statistically significant differences from pre-ischaemic values and from the non-hypertrophied group (P,0.05). For clarity, symbols for statistical differences are only shown for the preischaemic values and for those at 15 min of ischaemia and reperfusion when appropriate. Fig. 4 shows the transmural dispersion of both MAPD 90 (top panel) and repolarisation (which takes into account changes in conduction delay; bottom panel) throughout the experimental protocol. It should be noted that prior to ischaemia there were significant differences in both vari- 15 min of ischaemia from 663 to 4069 ms (P,0.05) with similar results in the hypertrophied hearts from 21666 to 2268 ms (P,0.05; Fig. 4, top panel) . However it should ERP shortening in the epicardium being from 13664 to also be noted that if dispersion of MAPD is calculated by 8364 ms (P,0.05).
90 taking zero as the reference level and ignoring the direcIn the non-hypertrophied hearts, regional ischaemia tion of repolarisation this influences the values obtained in resulted in a marked increase in transepicardial dispersion the hypertrophied hearts. In this case transmural dispersion of both ERP and refractoriness (from 663 to 6264 ms, of MAPD was not significantly increased by ischaemia P,0.05, and from 763 to 5166 ms, P,0.05, respective-90 in the LVH group (1766 to2566 before and at 15 min of ly). None of these parameters was affected by hypertrophy, ischaemia respectively). Transmural dispersion of repolariwith ischaemia increasing dispersion of ERP and refracsation also increased after 15 min in both the non-hytoriness from 763 to 6163 ms (P,0.05) and from 764 to pertrophied (2866 to 1769 ms, P,0.05) and hyper-5363 ms (P,0.05), respectively. trophied hearts (22766 to 468 ms, P,0.05) (Fig. 4,  bottom panel) .
Endocardial ERP
In the sham group, shortening of ERP in the endo-3.3.3. Epicardial ERP cardium was from 11665 to 9267 ms at 15 min of In the sham group, occlusion of the coronary artery ischaemia (P,0.05). Like MAPD , ERP shortening was 90 resulted in a significant shortening of ERP in the ischaemic greater in the epicardium than in the endocardium (Fig. 5) . epicardium (from 13263 to 8064 ms at 15 min of The magnitude of these observed changes in ERP was not ischaemia, P,0.05; Fig. 5 ). The magnitude of the obaffected by hypertrophy, with ERP shortening in the served changes in ERP was not affected by hypertrophy, endocardium from 11764 to 8164 ms (P,0.05). Like (bottom panel) in hypertrophied and non-hypertrophied hearts subjected from the endocardium (P,0.05). to regional ischaemia and reperfusion. '[' and '*' indicate statistically significant differences from pre-ischaemic values and from the nonhypertrophied group (P,0.05). For clarity, symbols for statistical differhypertrophied and non-hypertrophied hearts. In both ences are only shown for the pre-ischaemic values and for those at 15 min groups, during ischaemia there were no spontaneous of ischaemia and reperfusion when appropriate.
arrhythmias, but VF was usually induced during the measurement of ERP. During reperfusion, VF occurred non-hypertrophied hearts, ERP shortening in hypertrophied spontaneously or during the ERP protocol. No significant hearts was greater in the epicardium than in the endodifference in the incidences of either ischaemia or recardium (Fig. 5) . In both the sham and hypertrophied perfusion-induced arrhythmias was observed between the hearts, ischaemia significantly increased transmural dispergroups. sion of ERP (2868 to 1469 ms in sham and 21467 to 464 ms in the hypertrophied hearts, P,0.05 both groups). Transmural dispersion of refractoriness was significantly 4. Discussion decreased by ischaemia in the LVH group (23167 to 21364 ms, P,0.05) but any change in the sham group 4.1. Electrophysiological effects of myocardial failed to reach significance (225612 to 2768 ms, ns). As hypertrophy in non-ischaemic conditions described for transmural dispersion of APD90, if the direction of the recovery of excitability is taken into This study reports a differential effect of LVH on account in the hypertrophied hearts, ischaemia no longer various electrophysiological parameters in the epicardium increases dispersion of ERP (1567 to 963 ms).
and in the endocardium in the whole working heart. Specifically, while the duration of MAPD and ERP was 90 3.3.5. Arrhythmias increased by LVH in the epicardium, no significant effect Fig. 6 illustrates the incidence of arrhythmias (spontawas seen in the endocardium. These findings are in neous and induced) during ischaemia and reperfusion in agreement with some previous reports in isolated cells, in which hypertrophy was found to prolong action potential The magnitude of the prolongation of MAPD in the 90 duration in the epicardium, with a much smaller prolongapresent study was smaller than that reported in the isolated tion [8] , no change [6] or shortening [7] seen in the cells in the same model of LVH [8] . One possible endocardium (depending on the species involved and on explanation is differences in the pacing rate. Specifically, it the model of LVH). In contrast to our results, however, no has been suggested that pacing at higher stimulation effect of hypertrophy on ERP was found in canine hearts frequencies can abolish or attenuate hypertrophy induced in vivo [17] . It cannot be excluded that, in the latter report, action potential prolongation [8, 19] . In the above menthe electrophysiological recordings were affected by extioned study in the model of perinephritis-induced hytracardiac neuro-endocrine factors [18] . In the present pertrophy [8] , the magnitude of action potential prolongastudy, hypertrophy-induced MAPD and ERP prolongation was found to be negatively correlated with a stimula-90 tion was uniform across the epicardium and, consequently, tion rate in single ventricular myocytes over the range of transepicardial electrical dispersion was not increased. stimulation frequencies 0.1-1.5 Hz. In the experiments in Although hypertrophy had a differential effect on MAPD the present study the stimulation frequency of 3.3 Hz was 90 and ERP in the epicardium and in the endocardium, these used, which may explain the small magnitude of the differences were relatively small, and any effects on observed effect. From the pathophysiological point of transmural dispersion of repolarisation and refractoriness view, it is possible that action potential prolongation and were not sufficient to influence the inducibility of arrhythits pro-arrhythmic consequences may be more important at mias prior to ischaemia in the present study.
slower heart rates. On the other hand, it is possible that the electrophysiological effects of LVH in working hearts are mimetic influences [23] and the sensitivity of hyperdifferent in magnitude due to mechanical influences and trophied myocardium to electrophysiological effects of intercellular electrotonic interactions.
sympathomimetics is known to be increased [24] . Finally, the discrepancies between the present and other studies 4.2. Electrophysiological effects of myocardial may be related to the different species used (rats and dogs hypertrophy in ischaemic conditions. were used by other authors and those species may be more prone to arrhythmias which are observed even in nonThe present results are the first report in which disperhypertrophied hearts), to the model as well as the degree of sion of repolarisation was measured directly in isolated hypertrophy and fibrosis. hypertrophied hearts during regional ischaemia. A greater degree of regional ischaemia-induced action potential shortening might be expected in hypertrophied hearts due 5. Conclusions to an increased open-state probability of the K channels ATP at lowered pH levels and depleted ATP conditions in Our results demonstrate that, in the whole working hypertrophied myocytes or by an increased magnitude of heart, left ventricular hypertrophy exerts differential electhe calcium current reduction during metabolic inhibition trophysiological effects in the epicardium and endocardium [20] [21] [22] . Although our results demonstrate that LVH did with the consequence that the normal direction of repolarinot significantly increase the magnitude of MAPD sation is reversed. The sensitivity of hypertrophied 90 shortening, it was still associated with an increase in myocardium to ischaemia was shown to be increased and ischaemia-induced dispersion of repolarisation across the results in an increase in ischaemia-induced dispersion of epicardium. However it was difficult to interpret hypertransepicardial repolarisation. However, dispersion of retrophy induced changes in transmural dispersion of fractoriness was not affected by LVH during ischaemia and MAPD and repolarisation due to the hypertrophy inconsequently the incidence of arrhythmias was not in-90 duced reversal in the transmural direction of repolarisation creased. where the repolarisation in the endocardium precedes that in the epicardium. Hypertrophy did not increase dispersion of refractoriness during regional ischaemia (in spite of a
